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ON THE ACCELERATION MECHANISM OF PLASMA 

OUTFLOW FROM THE SUN 

I n s t i t u t e  of Physics  i n  t h e  
N a m e  of P . N .  Lebedev 
P r e p r i n t  
MOSCOW, 1967 

SUMMARY 

by 

M.V. Konyukov 

The problem d e a l t  with i n  t h i s  p a p e r  c o n s i s t s  i n  f ind ing  a mechanism 
of plasma acce le ra t ion  up to  energies p reva i l i ng  i n  the  region of Earth’s  
o r b i t .  Its  s e l e c t i o n  is based upon the  r e s u l t s  of q u a n t i t a t i v e  ana lys i s  of 
very simple models of plasma flow from the  Sun, provided they m e e t  a series 
of condi t ions  r e l a t i v e  t o  r e l a t ionsh ips  between s o l a r  corona and in t e rp l a -  
ne t a ry  plasma; here  laminar conditions of t he  f l u x  in te rvene ,  which allow 
the fu l f i lmen t  of t he  gas-dynamics approximation. Several  models a r e  d i s -  
cussed, and wi th in  the  model u t i l i z e d  i t  i s  assumed t h a t  t h e  energy f o r  t h e  
acce le ra t ion  of coronal plasma is supplied by a hea t  source emerging as a 
result of d i s s i p a t i o n  of mechanical motions. 

* 
* * 

1. The development of a more o r  less complete theory 
011 plasma outf low from the Sun ( s o l a r  wind theo ry )  is  v i r t u a l -  
l y  impossible  owing t o  t h e  l ack  of s u f f i c i e n t  experimental  d a t a  
on coronal  plasma p r o p e r t i e s  w i th in  t h e  1.03-2 R, region and 
of an adequate  mechanism of s o l a r  corona h e a t i n g ,  as w e l l  as 
because of mathematical  d i f f i c u l t i e s  a r i s i n g  i n  t h e  s o l u t i o n  
of inhomogeneous and nons ta t ionary  problems of plasma motion 
However, a t  t h e  p r e s e n t  t i m e ,  d a t a  on co rona l  and, e s p e c i a l l y ,  
i n t e r p l a n e t a r y  plasma, obtained by a s t r o p h y s i c a l ,  radiophysi-  
cal and rocket methods, are  a p t  t o  c o n s t i t u t e  s u f f i c i e n t l y  
r e l i a b l e  b a s i s  f o r  designing outf low models t h a t  would impart  
a t  least  some of the p r o p e r t i e s  of t h e  plasma flowing from the  
Sun [l-53. One of t h e  most remarkable p r o p e r t i e s  of t h e  i n t e r -  
p l a n e t a r y  plasma i s  t h a t ,  w i t h i n  t h e  r eg ion  of t h e  E a r t h ’ s  
o r b i t ,  t h e  i o n s  a t t a i n  considerable  and v i r t u a l l y  r a d i a l l y  
d i r e c t e d  v e l o c i t e s  when s o l a r  a c t i v i t y  i s  a t  i t s  lowest.  I f ,  
a long  wi th  t h i s ,  one cons iders  t h a t  a t  t h e  maximum tempera- 
t u r e  l e v e l  t h e  hydrodynamic energy f l u x  i n  t h e  s o l a r  corona 
which is determined by expression 4 g P ~ p & * + $ ~ -  ‘;?,t”-o) i s  nega- 
t i v e ,  whi le  t h e  energy t r a n s f e r  by molecular  thermal  conduc- 
t i v i t y  i s  ze ro ,  t h e r e  a r i s e s  one of  t h e  most i n t e r e s t i n g  prob- 
l e m s  of t h e  theory  on plasma outf low from t h e  Sun. This prob- 
l e m  consis ts  i n  f i n d i n g  t h e  mechanism of plasma a c c e l e r a t i o n  
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up t o  e n e r g i e s  exis t ing i n  the reg ion  of the E a r t h ' s  o rb i t .  
The p r e s e n t  work is  dea l ing  p r e c i s e l y  w i t h  this problem. 
The s e l e c t i o n  of plasma a c c e l e r a t i o n  mechanism i s  based on 
t h e  r e s u l t s  of a q u a n t i t a t i v e  a n a l y s i s  of v e r y  s imple models 
of plasma outf low from the Sun*. These models w e r e  designed 
on t h e  b a s i s  of observa t ion  d a t a  and under  t h e  fo l lowing  
assumptions : 

a) The s o l a r  corona and t h e  i n t e r p l a n e t a r y  plasma are 
p a r t s  of a dynamic formation occur r ing  as a consequence of 
a certain a c t i v i t y  of  t h e  Sun; 

b) 
the emergence of ene rg ie s  observed i n  the i n t e r p l a n e t a r y  
plasma; 

t h e  thermal  source h e a t i n g  t h e  solar  corona a s s u r e s  

c) t h e r e  e x i s t s  i n  t h e  s o l a r  corona a level a t  which 
t h e  e n t i r e  m a t t e r  p a r t i c i p a t e s  i n  t h e  laminar  f l o w  and t h e  
cond i t ion  fo r  t h e  a p p l i c a b i l i t y  of a gas-dynamical approxi-  
mation are f u l f i l l e d  wi th in  a s u f f i c i e n t l y  wide r eg ion  con- 
t a i n i n g  t h i s  leve l .***  

Inasmuch as d i r e c t  experimental  data on t h e  corona 
level  i n  which t h e  outf low cond i t ions  may be cons idered  
laminar  are i n e x i s t e n t ,  i ts  selection was based on t h e  
d a t a  of radar observa t ions  of  t h e  S u n  [ 3 ]  and on t h e  d e n s i t y  
d i s t r i b u t i o n  i n  t h e  corona [ 6 1 .  On t h e  b a s i s  of t h e  spread  
of v e l o c i t i e s ,  of d e n s i t y  d i s t r i b u t i o n  and of t h e  t o t a l  
f l u x  of t h e  outf lowing plasma, it i s  l o g i c a l  t o  p l ace  t h e  
level  a t  which laminar  cofidit ions are formed w i t h i n  t h e  
1 .8  - 2 .0  Re range. Na tu ra l ly ,  w i t h i n  the framework of t h e  

* E v e n  w i t h  t h e  u s e  o f  u p - t o - d a t e  c o m p u t e r s  a q u a n t i t a t i v e  
i n v e s t i g a t i o n  i s  p o s s i b l e  o n l y  i n  t h e  case o f  s i m p l e s t  m o d e l s .  

* *  P r o b a b l y ,  b e y o n d  t h e  i n v e s t i g a t e d  l e v e l  t h e  o u t f l o w  c o n -  
d i t i o n s  a r e  s l i g h t l y  t u r b u l e n t ;  h o w e v e r ,  i f  o n e  i g n o r e s  t h e  
e f f e c t  o f  R e y n o l d s  s t r e s s e s  o n  p u l s e  a n d  e n e r g y  f l u x e s  ( w h i c h ,  
o n  t h e  b a s i s  o f  r o c k e t  m e a s u r e m e n t s ,  may b e  d o n e  w i t h i n  t h e  
r e g i o n  o f  t h e  E a r t h ' s  o r b i t )  t h e n  t h e  m a s s ,  p u l s e  a n d  e n e r g y  
t r a n s f e r  e q u a t i o n s  c o i n c i d e  w i t h  t h e  o u t f l o w  e q u a t i o n s  u n d e r  
l a m i n a r  c o n d i t i o n s .  

*** I t  s h o u l d  b e  n o t e d  t h a t  o u r  a s s u m p t i o n s  e x c l u d e  m o d e l s  
w h i c h  c o n s i d e r  t h e  i n t e r p l a n e t a r y  p l a s m a  a s  t h e  m a n i f e s t a t i o n  
a t  g r e a t  d i s t a n c e s  o f  f l u x e d  o r  c l u s t e r s  o f  p a r t i c l e s  w i t h  
e n e r g i e s  o f  s e v e r a l  k e v  whose  o c c u r r e n c e  i s  d u e  t o  s o l a r  c o r -  
p u s c u l a r  a c t i v i t y  a n d  w h i c h  e x i s t  o n  t h e  c o r o n a  a l o n g s i d e  a 
h o t  b u t  v i r t u a l l y  m o t i o n l e s s  p l a s m a .  
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i n v e s t i g a t e d  models it i s  impossible  t o  s tudy  t h e  r eg ion  of 
formation of l amina r  condi t ions  inasmuch a s  t h e  m a s s  t r a n s f e r  
mechanisms p o s t u l a t e d  i n  t h e  model and e x i s t i n g  i n  n a t u r e .  
I t  w i l l  be p o s s i b l e  t o  design a solar  co rona - in t e rp l ane ta ry  
plasma model w i th  i n i t i a l  level i n  t h e  reg ion  of t h e  corona 
temperature  maximum, only a f t e r  determining t h e  mass t ransfer '  
mechanism wi th  t h e  1 .05  - 1 .80  R, corona region.  

I n  desc r ib ing  plasma behavior  i n  t h e  reg ion  of l amina r  
cond i t ions ,  w e  used equat ions d e s c r i b i n g  t h e  s t a t i o n a r y  and 
spher ica l ly-symmetr ica l  p l a s m a  outf low i n  a two-temperature 
approximation [ 71 . Following i n t e g r a t i o n  of t h e  c o n t i n u i t y  
equat ion  and under t h e  assumption of q u a s i n e u t r a l i t y ,  t h e  
i n i t i a l  system of equat ions  i n  dimensionless  v a r i a b l e s  takes 
t h e  fo l lowing  form 
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I n  t h e  system of equat ions  (1) use  w a s  made of t h e  dimension- 
less var iables  

and of t h e  dimensionless  parameters  

where ro i s  t h e  p o s i t i o n  of t h e  i n i t i a l  level ,  u o ,  Teo, Peo, 
Pio are r e s p e c t i v e l y  t h e  hydrodynamic plasma v e l o c i t y ,  t h e  
tempera ture  and d e n s i t y  of e l e c t r o n s  and i o n s  a$ t h e  i n i t i a l  
levle  , mi i s  t h e  mean i o n  m a s s  , m = m-+*i and Io = ( r n , - r - n ~ ) ' 2 ~ ~ ~ ~ ~ ~ .  

s o u r c e s  wi th  dimensionless  s t r e n g h t s  and . 

t h e r e  i s  a s m a l l  parameter(c;)72.  
may be sought  i n  t h e  form of an asymptot ic  series by powers 
of t h i s  parameter  

The energy equa t ions  of system (1) con ta in  7 volumetric h e a t  

A t  r e l a t i v e l y  s m a l l  n o n i s p t h e r m i c i t i e s  i n  system (1) 
The s o l u t i o n  of system (1) 

( 4 )  g~t: )=y0~:<l* i (~ , I C  ~ ~ ~ ' ~ ~ ~ , ( c ~ , I + ( ~ ~  I '7 I. ) ~ o ~ ~ ~ ~ ~ ~  - ... 7 

where Y i s  any one of t h e  func t ions  determined by system (1). 
The equa t ions  f o r  t h e  zero  terms of series ( 4 )  can be w r i t t e n  
i n  t h e  form 

3 W X 2  "(00, 
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( I t  should  be borne i n  mind t h a t  
are t h e  zero terms of series ( 4 )  ; b u t ,  inasmuch as  w e  w i l l  
l i m i t  our  i n v e s t i g a t i o n  t o  p r e c i s e l y  t h e  zero-order  appro- 
x imat ion ,  t h e s e  symbols w i l l  cause  no ambigui ty) .  I n  analy- 
z ing  t h e  r e s u l t s  of t h e  i n t e g r a t i o n  of  system (51, it should  
be borne i n  mind t h a t  t hey  are v a l i d  fo r  d e s c r i b i n g  t h e  f l o w s  
on ly  i f  i n e q u a l i t i e s  

pqe , con ta ined  i n  (5) 

which are t h e  cond i t ions  under which t h e  gas-dynamical appro- 
ximation is  a p p l i c a b l e  f o r  t h e  d e s c r i p t i o n ,  are f u l f i l l e d .  * 
The system of E q s .  ( 5 )  conta ins  f o u r  d imens ionless  parameters  
R;: , , , Q: and two f u n c t i o n s  9 . 4  and p ‘25~ , which 

de termine  t h e  volumetr ic  s t r e n g t h  of t h e  h e a t  source  which 
shou ld  be se t  i n  o r d e r  t o  ach ieve  s p e c i f i c  r e s u l t s .  As r ega rds  
t h e  d imens ionless  parameters ,  t h e  range of t h e i r  p o s s i b l e  v a l u e s  
can be e v a l u a t e d  on t h e  b a s i s  of obse rva t ion  d a t a ,  w h i l e  t h e  
expe r imen ta l  in format ion  on t h e  power of heat sou rces  i s  v i r -  
t u a l l y  i n e x i s t e n t .  

2.  Inasmuch as the  hydrodynamic outf low model proposed 
by P a r k e r  m e e t s  v i r t u a l l y  insurmountable  d i f f i c u l t i e s  [ 8 , 9 1  
and as i n  an equal- temperature  approximation a c o n s i s t e n t  
des ign ing  of a model t h a t  would t a k e  i n t o  account  t h e  thermal  
c o n d u c t i v i t y  and the  v i s c o s i t y  i s  impossible, w e  have adopted 
( 5 ) f o r  t h e  i n i t i a l  system which  d e s c r i b e s  t h e  plasma outf low 

wi thou t  t h e  assumption of e q u a l i t y  of e l e c t r o n  and i o n  tempera- 
t u r e s , * *  Moreover, i f  one b e a r s  i n  mind t h a t  i n  t h e  r eg ion  of 
laminar  c o n d i t i o n s  t h e  vo lumetr ic  heat sou rces  are a b s e n t  [12 ]  

* R e l a t i o n s  d e  a n d  d i  a r e  c o n s i d e r e d  t o  b e  t h e  r e g i o n a l  
K n u d s e n  n u m b e r s  and if t h e y  c o n s i d e r a b l y  e x c e e d  1, t h e  o u t -  
f l o w  s h o u l d  b e  c o n s i d e r e d  as b e i n g  u n d e r  c o l l i s i o n l e s s  c o n -  
d i t i o n s .  T h e  d i m e n s i o n l e s s  p a r a m e t e r s  d t  a n d  dv d e t e r m i n e  
t h e  c o n d i t i o n s  o f  a p p l i c a b i l i t y  o f  t h e  e x p r e s s i o n s  used i n  
( 1 )  f o r  e n e r g y  a n d  i m p u l s e  t r a n s f e r  on  a c c o u n t  o f  c h a o t i c  
e l e c t r o n  a n d  i o n  m o t i o n s .  

** A c c o r d i n g  t o  o b s e r v a t i o n  d a t a ,  t h e  d i m e n s i o n l e s s  p a r a m e t e r s  
of s y s t e m  ( 5 )  c a n n o t  b e  c o n s i d e r e d  s m a l l  a n d  a n y  c o n t r a c t i o n s  
of  t h e  s y s t e m  a r e  i a d m i s s i b l e .  fl 

k 
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i t  i s  p o s s i b l e  t o  i n t e g r a t e  t h e  energy equa t ion  

where E, i s  t h e  i n t e g r a t i o n  c o n s t a n t  which i s  e q u a l  t o  t h e  
energy a t  t h e  i n i t i a l  l e v e l .  

E l imina t ing  3 and # € + a &  and t a k i n g  i n t o  c o n s i d e r a t i o n  
i n t e g r a l  (71, system (5)  ‘ I s  e a s i l y  reduced t o  a form which is 
convenient  f o r  numerical  i n t e g r a t i o n  

*=u * 

I n  s p i t e  of a number of  s impl i fy ing  assumptions,  t h e  system 
of equa t ions  d e s c r i b i n g  t h e  outf low i n  a d i f f e r e n t - t e m p e r a t u r e  

approximation proves t o  be too complex f o r  s o l u t i o n s  by ana- 
l y t i c a l  means. Therefore ,  a l l  t h e  informat ion  on t h e  proper- 
t i es  of s o l u t i o n s  of  system (8) w a s  determined by numerical  
methods. To ana lyze  the  s t r u c t u r e  of i n t e g r a l  curves  of 
system (8 )  w e  used t h e  va lues  of d imens ionless  parameters  
compiled i n  tables I ,  11, and 111. 

(The va lues  of d i m e n s i o n l e s s  parameters  w i t h  To = 1 were 
o b t a i n e d  w i t h  t h e  use of t h e  fol lowing q u a n t i t i e s  charac- 
t e r i z i n g  t h e  co rona l  and i n t e r p l a n e t a r y  plasma 
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A 
3,17 
3,80 
388 
4,32 

5,28 
5,Q4 
6,34 
6,79 

'7,12 
7,60 
8,O8 
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T A B L E  I 
-- 
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1,M 8,33 
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14,18 

10,63 

0 3 0  
0 ,75 
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8 1 

I 1 
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4,lO 
2,65 
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1 3 2  
1,17 
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0,62 
0,55 
0,47 
0,40 

7,08 8 
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117,21 
74,17 
87,07 
54,06 
42 IS3 
32,86 
2433 
20,70 

15,48 
13,14 
1 1,27 
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V T 0  c . 0  A L Ql: 
4 

0,75 
0,60 1 ,a2 42,53 4,75 2 3 0  8,86 
0,26 

0,7S 
0,50 4,56 127.59 I 

0,26 

0,75 
0 , f j O  7 ,Of3 212,56 ' 

z$e* O,26 

Io- lo' 

&-$I: 

2. 

rn 8 

1 1 
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. 

5,OO 
2,OO 
1,52 
1 ,oo 
0,50 
0 $8 
0,28 

T A B L E  I11 
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The numerical  i n t e g r a t i o n  o f  t h e  system of equat ions  ( 8 )  
with  dimensionless  parameters  p re sen ted  i n  tables 1, I1 and 
I11 is  shown i n  Fig.  1, 2 and 3 ( t h e  i n t e g r a t i o n  was c a r r i e d  
ou t  a t  i d e n t i c a l  i n i t i a l  condi t ions  f o r  va r ious  groups of 
dimensionless  parameters  u,=O,f7 , qe=K"l,  

Depending upon t h e  dimensionless  parameters  of t h e  problem, 
t h e  s o l u t i o n s  of s y s t e m  ( 8 )  belong t o  one of t h e  two fo l lowing  
types :  t h e  f i r s t  type  inc ludes  s o l u t i o n s  w i t h  non zero  e l e c t r o n  
temperature  and wi th  v a r i a t i o n s  i n  t h e  independent  v a r i a b l e  
w i t h i n  t h e  e n t i r e  range; t he  second con ta ins  s o l u t i o n s  wi th  
e l e c t r o n  temperature  becoming z e r o  a t  t h e  t e r m i n a l  d i s t a n c e  
from t h e  i n i t i a l  l e v e l . *  For a d e t a i l e d  a n a l y s i s  of each of 
t h e  i n d i c a t e d  types  of s o l u t i o n s ,  i n t e g r a l  curve f a m i l i e s  (pa- 
rameter w,) w e r e  ob ta ined  wi th  t h e  fol lowing sets of dimension- 
less parameters  

u,=944 a t  a?-f .)  

The ob ta ined  r e s u l t s  are shown i n  Fig.4 and 5. 

Analysis  of t h e  r e s u l t s  of numerical  i n t e g r a t i o n  makes it 
p o s s i b l e  t o  a s c e r t a i n  the  fol lowing s p e c i a l  f e a t u r e s  of s o l u t i o n s  
of system ( 8 ) .  For t h e  se t  I of p a r m e t e r s  t h e r e  a r e  t h r e e  types  
of hydrodynamic v e l o c i t y  dependence on d i s t ance :  1) monotonic 
v a r i a t i o n  w i t h  smooth t r a n s i t i o n  through sound v e l o c i t y  and an 
o u t l e t  t o  an almost l i n e a r  growth fo r  g r e a t  x; 2) nonmonotonic 
v a r i a t i o n  wi th  a m a x i m u m  and minimum smooth E r a n s i t i o n  through 
sound v e l o c i t y  and an o u t l e t  t o  an almost l i n e a r  growth f o r  
g r e a t  x; 3) nonmonotonic v a r i a t i o n s  w i t h  one maximum and a sub- 
s o n i c  Veloci ty  everywhere. **  

* I n a s m u c h  a s  i t  w a s  f o u n d  t o  b e  i m p o s s i b l e  t o  s e p a r a t e  a n a -  
l y t i c a l l y  t h e  r e g i o n s  o f  p a r a m e t e r  v a l u e s  a t  w h i c h  s o l u t i o n s  
o f  s p e c i f i c  t y p e  t a k e  p l a c e ,  t h e  p r o b l e m  of t h e  n a t u r e  o f  t h e  
s o l u t i o n s  f o r  e a c h  s p e c i f i c  g r o u p  o f  p a r a m e t e r s  w a s  s o l v e d  b y  
n u m e r i c a l  i n t e g r a t i o n  of s y s t e m  ( 8 ) .  

** I n a s m u c h  a s  t h e s e  c o n c l u s i o n s  w e r e  r e a c h e d  m a k i n g  u s e  o f  
t h e  n u m e r i c a l  i n t e g r a t i o n  o f  s y s t e m  (81, i t  i s  o b v i o u s  t h a t  
t h e y  a r e  c o r r e c t  f o r  t h e  t e r m i n a l  d i s t a n c e s  f r o m  t h e  i n i t i a l  
l e v e l .  The  n a t u r e  of i n d i v i d u a l  i n t e g r a t i o n  c u r v e s  may c h a n g e  
w i t h  t h e  i n c r e a s e  o f  t h e  i n t e g r a t i o n  r a n g e ;  h o w e v e r ,  t h e i r  g e -  
n e r a l  s t r u c t u r e  i s  p r e s e r v e d  ( F i g .  8a a n d  8 c ) .  N e v e r t h e l e s s ,  
w e  h a v e  n o  r e a s o n s  t o  c o n s i d e r  t h a t  t h e  a f o r e m e n t i o n e d  s p e c i a l  
f e a t u r e s  a r e  p r e s e r v e d  u p  t o  a n y  d i s t a r r c e s  f r o m  t h e  i n t i a l  
l e v e l .  
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Solutions at an electron temperature becoming 
z e r o  at the terminal level. 
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Fig .  4 .  

Solution at a temperature 
differing from zero in the entire integration 

range. 

The e l e c t r o n  temperature  underwent only s l i g h t  var ia t ions  
for  any dependence W (x) whereas  v a r i a t i o n s  of i o n  tempera ture  
w e r e  s u b s t a n t i a l  a t  least  for  W(x) w i t h  a smooth t r a n s i t i o n  
through sound v e l o c i t y .  One of t h e  m o s t  impor tan t  p r o p e r t i e s  
of s o l u t i o n s  w i t h  nonzero e l e c t r o n  temperature  i s  t h e  monotonic 
increment  of t h e  Knudsen number f o r  e l e c t r o n s .  The i n t e g r a t i o n  
of a large number of v a r i a n t s  admi t t ing  t h i s  t ype  of s o l u t i o n s  
shows t h a t ,  as a r u l e ,  w i th in  t h e  r eg ion  where t h e  gas-dynamical 
approximation i s  d i s r u p t e d ,  t h e r e  t a k e s  p l a c e  t h e  i n e q u a l i t y  



17 

- -  
M I ,  

Fig .  5. 

D e p e n d e n c e  o f  t h e  n a t u r e  o f  s o l u t i o n s  on  
n o n i s o t h e r m i c i t y  a t  t h e  initial l e v e l ,  

d e  > d i . *  I n  case of s e t  I1 of parameters ,  system (8 )  has  
s o l u t i o n s  w i t h  an e l e c t r o n  tempera ture  becoming z e r o  a t  t he  

* When c o n d i t i o n s  de >> 1 i s  f u l f i l l e d ,  c o l ' l i s i o n s  cannot e n s u r e  
t h e  e x i s t e n c e  o f  l o c a l l y  M a x w e l l i a n  d i s t r i b u t i o n  f o r  e l e c t r o n s ;  
t h i s  i s  why t h e  r e s u l t s  o f  c a l c u l a t i o n s  of  d t  i m p l y i n g  o n l y  s l i g h t  
d e v i a t i o n s  f r o m  t h e  M a x w e l l i a n  d i s t r i b u t i o n  a r e  m e a n i n g l e s s  
( d t  << 1 f o r  t h e  m a j o r i t y  o f  t h e  i n t e g r a t e d  v a r i a n t s . )  
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Fig .  5 a.  

Ira 

t e r m i n a l  d i s t a n c e  f r o m  t h e  i n i t i a l  level.  The local Knudsen 
number f o r  e l e c t r o n s  v a r i e s  nonmonotonically and has a maximum 
between t h e  i n i t i a l  level and t h e  level where e l e c t r o n  tempera- 
t u r e  becomes zero.  I n v e s t i g a t i o n  of v a r i o u s  types  of t h i s  
v a r i a n t  shows t h a t  i n  t h e  m a j o r i t y  of cases, i n  t h e  reg ion  
where t h e  gas-dynamical approximation i s  d i s t u r b e d ,  di > de.  

Alongs ide  w i t h  t h e  dimensionless  parameters  of t h e  problem, 
t h e  s t r u c t u r e  of t h e  i n t e g r a l  curve depends[*]  a t  t h e  i n i t i a l  
l e v e l  on t h e  q u a n t i t y  U,. Therefore, w e  have s t u d i e d  t h e  s e n s i -  
t i v i t y  of t h e  s o l u t i o n s  t o  U, v a r i a t i o n s .  Fig.  8 p r e s e n t s  t h e  
r e s u l t s  of i n t e g r a t i o n  of t h e  system of  E q s .  (8) f o r  v a r i o u s  u,, 
b u t ,  w i t h  an i d e n t i c a l  s e t  of d imens ionless  parameters ,  (A;L=r,52, 
~ ; ' = . G P , S J  
t h a t  t h e  s e n s i t i v i t y  of t h e  s o l u t i o n s  t o  U, i s  s l i g h t .  

, A=4,75, &,=2,so , &-,'=S,SS> , wherefrom i t  can be concluded 

[ * ] [ T h i s  s e n t e n c e  i s  o b v i o u s l y  i n c o m p l e t e ,  i n  t h e  o r i g i n a l  Russian 
a n d  t h e  v e r b  " d e p e n d s "  h a d  t o  b e  i n s e r t e d  to make s e n s e . ]  
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1 I 

i n u Y Y Y m m u 

Fig.  6. 

Dependence o f  t h e  n a t u r e  o f  t h e  
s o l u t i o n s  on the i n i t i a l  v e l o c i t y .  

3 .  I n  ou r  op in ion ,  t h e  r e s u l t s  of i n t e g r a t i o n  of t h e  
system of E q s .  ( 8 )  w i th  t h e  parameters  p re sen ted  i n  t a b l e s  
I ,  I1 and 111, are convincing evidence of t h e  i n c o n s i s t e n c y  
of t h e  gas-dynamical approximation for t h e  d e s c r i p t i o n  of 
plasma outf low f r o m  t h e  Sun. This  means t h a t  t h e  s tudy  of 
t h e  outf low i s  p o s s i b l e  only w i t h i n  t h e  framework of  dynamic 
models w i th  a t e r m i n a l  r ad ius  o f  t h e  r eg ion  of f r e q u e n t  col- 
l i s i o n s .  The r e s u l t s  of t h e  i n t e g r a t i o n  of system ( 8 )  sugges t  
t h e  p o s s i b i l i t y  of des igning  t h e  fo l lowing  dynamic models: 
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a) a dynamic model w i t h  t e r m i n a l  r a d i u s  of t h e  r eg ion  
of f r e q u e n t  c o l l i s i o n s  f o r  e l e c t r o n s  and uniform a p p l i c a b i l i t y  
of gas-dynamic's approximation f o r  i o n s .  

b)  a dynamic model w i t h  a t e r m i n a l  r a d i u s  of the  r eg ion  
of f r e q u e n t  c o l l i s o n s  f o r  ions  and a uniform a p p l i c a b i l i t y  of 
gas-dyna- ica l  approximation f o r  e l e c t r o n s .  

c )  a dynamic model w i t h  a t e r m i n a l  r a d i u s  f o r  both  
components. H e r e  t w o  v a r i a n t s  are p o s s i b l e :  i n  t h e  f i rs t  
the  r a d i u s  of t h e  r eg ion  of f r e q u e n t  c o l l i s i o n s  fo r  t h e  elec- 
t r o n s  i s  larger than  f o r  i o n s ,  i n  t h e  second it i s  the oppos i t e .  

T o  solve t h e  problem of the  model d e s c r i b i n g  plasma out-  
f l o w  from t h e  Sun, it is  necessary  t o  have a c c u r a t e  v a l u e s  f o r  
t h e  d imens ionless  parameters  of system (8 )  and t h e  v a l u e s  of 
variables a t  t h e  i n i t i a l  level .  Inasmuch as a t  t h e  p r e s e n t  
t i m e  t h e  observation d a t a  do n o t  y i e l d  these va lues  w i t h  accu- 
r a c y ,  i n  s e l e c t i n g  t h e  model w e  took advantage of  t h e  combi- 
n a t i o n  of w e l l  known d a t a  and of t h e  s i n g u l a r i t i e s  of t h e  ac- 
c e l e r a t i o n  mechanism of t h e  ou t f lowing  plasma. Thus, the  f i r s t  
model had t o  be abandoned because obse rva t ion  d a t a  had i n d i c a t e d  
t h a t  t h e  cond i t ions  under which t h e  gas-dynamics approximation 
for  t h e  i o n s  could be app l i ed ,  w e r e  d i s r u p t e d .  As r ega rds  t h e  
second model and t h e  f i r s t  v a r i a n t  of t h e  t h i r d  model, t hey  are 
i n  c o n t r a d i c t i o n  wi th  t h e  e x i s t e n c e  f o r  t h e  d i f f e r e n t  i o n  com-  
ponents  of d i r e c t i o n a l  velocit ies i d e n t i c a l  i n  magnitude [5]. 

There fo re ,  t h e  r e s u l t s  of plasma out f low a n a l y s i s  i n  a 
hydrodynamic approximation and rocket obse rva t ion  data on i n t e r -  
p l a n e t a r y  plasma lead u s  t o  t h e  fo l lowing  conclusion:  i n  des- 
c r i b i n g  plasma outf low from t h e  Sun use should  be made of a dy- 
namic model w i t h  a t e rmina l  r a d i u s  of t h e  reg ion  of f r e q u e n t  
c o l l i s i o n s  f o r  bo th  components, whereupon t h i s  r a d i u s  of 
f r e q u e n t  c o l l i s i o n s  m u s t  be l a r g e r  f o r  i o n s  than  f o r  e l e c t r o n s .  
I t  i s  obvious t h a t  when i n v e s t i g a t i n g  t h i s  model t h e  s o l u t i o n  
of k i n e t i c  plasma equat ions  i s  p r e r e q u i s i t e  under c o n d i t i o n s  
when t h e  c o l l i s i o n  frequency varies w i t h i n  l i m i t s  i n  which t h e  
system of plasma equat ions  does n o t  c o n t a i n  a uniformly s m a l l  
parameter  i n  t h e  e n t i r e  i n v e s t i g a t e d  r eg ion .  Owing t o  the  l a c k  
of effect ive methods for  r e s o l v i n g  k i n e t i c  equa t ions  under t h e  
r e q u i r e d  c o n d i t i o n s ,  it is  imposs ib le  a t  p r e s e n t  t o  c a r r y  o u t  
a q u a n t i t a t i v e  i n v e s t i g a t i o n  of t h i s  model of plasma out f low 
from t h e  Sun. 

4 .  The fo rego izg  amlks is  of t h e  v a r i o u s  out f low models 
makes it p o s s i b l e  t o  provide a t  least  a q u a l i t a t i v e  answer t o  
t h e  problem of t h e  a c c e l e r a t i o n  mechanism of plasma out f low f r o m  
t h e  Sun. By i t s  very na tu re  i t  i s  a plasma mechanism f i r s t  of a l l *  

* C o n t r a r y  t o  P a r k e r ' s  h y d r o d y n a m i c  a c c e l e r a t i o n  m e c h a n i s m  t h e  
e s s e n t i a l  r o l e  i n  t h e  p l a s m a  m e c h a n i s m  i s  p l a y e d  b y  e n e r g y  t r a n s -  
f e r  o f  h e a t  c o n d u c t i v i t y  p r e c i s e l y  i n  t h e  l i g h t  c o m p o n e n t .  
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and a c t u a l l y  it is  a mechanism t ransforming  the h e a t  conduc- 
t i v i t y  f l u x  of e l e c t r o n  energy i n t o  a hydrodynamic f l u x  of  
i o n s .  I n  t h e  r eg ion  of f r equen t  c o l l i s i o n s  t h i s  t r ans fo rma t ion  
takes p l a c e  i n  t w o  ways: by energy t r a n s f e r  a t  t h e  expense of 
e l e c t r o n - i o n  c o l l i s i o n s  w i t h  power 

which i s  e q u i v a l e n t  t o  t h e  volumetric hea t  source  on t h e  i o n  
component and t h e  work of t h e  ambipolar e lec t r ic  f i e l d  forces 
w i t h  s t r e n g h t  

When t h e  gas-dynamical approximation i s  v i o l a t e d ,  t h e  
r o l e  of energy t r a n s f e r  due t o  e l e c t r o n - i o n  c o l l i s i o n s  becomes 
n e g l i g i b l y  s m a l l  and t h e  a c c e l e r a t i o n  of t h e  i o n  component pro- 
ceeds mainly a t  the expense of t h e  e x i s t e n c e  of t h e  ambipolar 
e lec t r ic  f i e l d .  The magnitude of  t h i s  f i e l d  depends on t h e  
c o n d i t i o n s  of electrons' motion. I n  t h e  case when t h e  hydro- 
dynamic approximation can be uniformly a p p l i e d  t o  e l e c t r o n s ,  
t h e  magnitude of  t h e  s t r e n g h t  of ambipolar f i e l d  forces i s  
determined by formula ( 1 0 ) .  When t h e  cond i t ions  for  t h e  ap- 
p l i c a b i l i t y  of gas-dynamical approximation are d i s r u p t e d ,  t h e  
ambipolar e lectr ic  f i e l d  s t r e n g t h  i s  determined by s u b s t a n t i a l  
v a r i a t i o n  of t h e  e lec t ron  d i s t r i b u t i o n  func t ion  i n  t h e  t r a n s i t i o n  
l a y e r .  P r i o r  t o  t h e  t r a n s i t i o n  l a y e r  i t  i s  l o c a l l y  Maxwellian 
w i t h  s l i g h t  d e v i a t i o n s  ensur ing  t h e  e x i s t e n c e  of energy t r a n s f e r  
by t h e r m a l  c o n d u c t i v i t y .  A f t e r  t h e  t r a n s i t i o n  l a y e r ,  t h e  e l e c t r o n  
d i s t r i b u t i o n  f u n c t i o n i s  e s s e n t i a l l y  non-Maxwellian p e r m i t t i n g  
on ly  convec t ive  energy t r a n s f e r .  Unfor tuna te ly ,  t h e  mathematical  
d i f f i c u l t i e s  t h a t  arise i n  i n v e s t i g a t i o n s  of t h e  e l e c t r o n  d i s t r i -  
b u t i o n  func t ion  i n  t h e  t r a n s i t i o n  l a y e r  make it imposs ib le  t o  
formula te  a s t r ic t  demonstrat ion of t h e  e x i s t e n c e  of t h i s  accele- 
r a t i o n  mechanism and t o  d e r i v e  an expres s ion  f o r  t h e  ambipolar 
f i e l d  s t r e n g h t .  

t h a t  t h e  energy fo r  coronal  plasma a c c e l e r a t i o n  i s  provided by a 
hea t  source which  i s  i n i t i a t e d  by t h e  d i s s i p a t i o n  of mechanical 
motions.  For a c e r t a i n  angle  of d i r ec t ions  a local  i n c r e a s e  i n  
t h e  power of t h e  h e a t  source may r e s u l t  i n  t h e  occurrence of 
h i g h e r  v e l o c i t i e s .  However, w i t h i n  t h e  framework of t h e  i n v e s t i -  
gated mechanism and i n  s p i t e  of t h e  e x i s t e n c e  of a c o l l i s i o n l e s s  
r e g i o n ,  t h e  occurrence of t w o  o r  ncre i n t e r p e n e t r a t i n g  plasma 
f l u x e s  w i t h  d i f f e r e n t l y  o r i e n t e d  veloci t ies  cannot be expec ted .  
Observa t ions  of  i n t e r p l a n e t a r y  plasma i n  t h e  reg ion  of the  E a r t h ' s  
o r b i t  by means of rocket-borne equipment bear evidence of t h e  
e x i s t e n c e  of f l u x e s  are ve loc i t i e s  d i f f e r e n t  i n  magnitudes. The 
s o l u t i o n s  w i t h  these s o l a r  wind p e c u l i a r i t i e s  could emerge w i t h i n  - 
t h e  framework of a model t a k i n g  i n t o  account ,  a longs ide  w i t h  h e a t  

5 .  W i t h i n  t h e  framework of t h e  a p p l i e d  model, it i s  assumed 
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sources ,  t h e  existence of plasma c l u s t e r s  a r i s ing  as a con- 
sequence of some corpuscular a c t i v i t y  of t h e  Sun.* 

To conclude, t h e  au tho r  c o n s i d e r s  it h i s  pleasant duty  
t o  thank I . M .  Dagkesamanskaya and M.P.  Yachina for their 
great  h e l p  i n  formula t ing  t h i s  work. 

* * * THE END * * * 
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a n d  e q u a t i o n s  f o r  c l u s t e r s  w i t h  c o r r e s p o n d i n g  terms f o r  
e n e r g y  a n d  i m p u l s e  e x c h a n g e .  F o r  a p h e n o m e n o l o g i c a l  i n v e s t i -  
g a t i o n  o f  t h e  o u t f l o w  i n  a h y d r o d y n a m i c  a p p r o x i m a t i o n  t h e  
a c c o u n t i n g  of  c l u s t e r s  c a n  b e  m a t e r i a l i z e d  b y  d e f i n i n g  t h e  
s o u r c e s  of t h e  i m p u l s e .  
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Sensitivity of solutions to kUo 
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